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POLYESTER SYNTHESIS WITH 
ENHANCED TITANIUM CATALYST COMPOSITION 



Field nf thft Tnvenrion 

[0001] This invention relates to catalysts for esterification and transesterification. 

More specifically, it relates to titanium-containing catalyst compositions and methods of 
using them to prepare esters such as polyesters. 

Rackgrmind of the Invention 
[0002] Esterification and transesterification reactions are important industrial 

processes, typically performed in the presence of a catalyst. One particularly important 
industrial process employing these reactions is the formation of polyesters, for example 
polyethylene terephthalate (PET), which is used for making a variety of products. One 
especially large use of PET is for making bottles, such as are used for packaging sodas and 
other beverages. 

[0003] For the preparation of polyesters of relatively high molecular weight, for 

example those used for making beverage bottles, a typical process involves first esterifying 
TPA (and typically some amount of isophthalic acid) with EG in the presence of a catalyst 
to form oligomers. The oligomers are then polycondensed to form the final PET. As used 
herein, the term terms "PET" and "polyethylene terephthalate" will be understood to 
include polyesters having other diacid component(s) in addition to TPA and/or other diol 
component(s) in addition to EG. 

[0004] Polycondensation reactions to make PET are typically performed in two 

steps: a melt polycondensation, during which a product having an intermediate molecular 
weight (intrinsic viscosity (IV) of about 0.6 dL/g) is produced, and a subsequent solid state 
polycondensation in which the product of the meh polycondensation is heated at a 
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temperature below its melting point to produce a final product of higher molecular weight 
(TV typically between about 0.7 and 1 .0 dL/g). Both polycondensation reactions require an 
extremely long period of time, which is significantly reduced by use of a suitable catalyst. 
Various types of catalysts are used for this purpose. For example, antimony trioxide, 
antimony triacetate and antimony trisglycolate are commonly used as polycondensation 
catalysts for both the melt and solid state reactions. However, relatively large amounts of 
such antimony catalysts are required in order to achieve sufficient activity, which is at cross 
purposes with a general trend in the industry to reduce the amount of antimony and other 
heavy metals in consumer and other products, for environmental reasons. 
[0005] Organotitanium compounds, such as titanium alkoxides, have been disclosed 

as catalysts for esterification processes. However, esterification reactions produce water, 
and many organotitanium compounds are hydrolytically unstable. As a resuh, they tend to 
be converted to insoluble titanium compounds, resulting in reduced catalyst activity and the 
formation of haze when used for making polyesters. More recently, the use of titanyl 
oxalate compounds such as potassium titanyl oxalate as catalysts has been disclosed for 
preparing polyesters. These provide better hydrolytic stability than other titanium 
compounds. 

[0006] Some titanium based catalysts, including titanyl oxalate compounds, have 

shown very high activity as melt polycondensation catalysts, but the resulting polyesters are 
typically of a yellowish color, which limits their applicability. As a result of the above- 
mentioned limitations, considerable work has been directed towards the development of 
modified titanium catalysts in an effort to avoid these problems. Combinations of Ti 
compovmds with various additives or cocatalysts have been disclosed in the art, but catalyst 
performance, especially relating to solid state polycondensation of polyesters, has been less 
than promising. 

Siimmary of the Tnventinn 
[0007] In one aspect, the invention provides a catalyst composition comprising: 

(a) one or both of a titanyl compound of the formula XmTiOYo and an organic titanium salt 
of the formula XmTi Yo; and 
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(b) a catalyst enhancer comprising a compound selected from the group consisting of 
soluble compounds of Al, Co, Zn, and Sn; 

wherein X is selected from the group consisting of : H, Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, 
Ba, and ammonium; m=0, 1 or 2; Y is a ligand of the formula CaHbOc wherein a=l to 30, 
b=0 to 60, and c-1 to 10; and o=2, 3, or 4. 

[0008] In another aspect, the invention provides a method of making an ester, the 

method comprising performing an ester-forming condensation reaction on a feedstock to 
produce a condensation product, the reaction comprising heating a mixture of the feedstock 
and a catalyst composition comprising: 

(a) one or both of a titanyl compoimd of the formula XmTiO Yo and an organic titanium salt 
of the formula XmTiYo; and 

(b) a catalyst enhancer comprising a compound selected from the group consisting of 
soluble compounds of Al, Co, Zn, and Sn; 

wherein X is selected from the group consisting of : H, Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, 
Ba, and ammonium; m=0, 1 or 2; Y is a ligand of the formula CaHbOc wherein a=l to 30, 
b=0 to 60, and c=l to 10; and o=2, 3, or 4. 

[0009] In yet another aspect, the invention provides an ester made by a method 

comprising performing an ester-forming condensation reaction on a feedstock, the reaction 
comprising heating a mixture of the feedstock and a catalyst composition comprising: 

(a) one or both of a titanyl compound of the formula XmTiO Yo and an organic titanium salt 
of the formula XmTiYo; and 

(b) a catalyst enhancer comprising a compound selected from the group consisting of 
soluble compounds of Al, Co, Zn, and Sn; 

wherein X is selected from the group consisting of : H, Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, 
Ba, and ammonium; m=0, 1 or 2; Y is a ligand of the formula CaHbOc wherein a=l to 30, 
b=0 to 60, and c=l to 10; and o=2, 3, or 4. 

[00010] In still another aspect, the invention provides a method of making an ester, 
the method comprising performing an ester-forming condensation reaction on a feedstock 
consisting essentially of PET to produce a condensation product comprising PET of higher 
molecular weight than the PET in the feedstock, the reaction comprising heating, at a 
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temperature below a melting point of the feedstock, a mixture of the feedstock and a 
catalyst composition comprising: 

(a) one or both of a titanyl compound of the formula XmTiO Yo and an organic titanium salt 
of the formula XmTi Yo; and 

(b) a catalyst enhancer comprising a compound selected from the group consisting of 
oxalate or C1-C26 carboxylate salts of Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, and Ba, wherein 
the catalyst enhancer comprises an oxalate salt if the catalyst composition comprises 
XmTiYo; 

wherein X is selected from the group consisting of : H, Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, 
Ba, and ammonium; m=0, 1 or 2; Y is a ligand of the formula CaHbOc wherein a=l to 30, 
b=0 to 60, and c=l to 10; and o=2, 3, or 4. 

[00011] In a further aspect, the invention provides an ester made by a method 
comprising performing an ester-forming condensation reaction on a feedstock consisting 
essentially of PET to produce a condensation product comprising PET of higher molecular 
weight than the PET in the feedstock, the reaction comprising heating, at a temperature 
below a melting point of the feedstock, a mixture of the feedstock and a catalyst 
composition comprising: 

(a) one or both of a titanyl compound of the formula XmTiO Yo and an organic titanium 
sah of the formula XmTiYo; and 

(b) a catalyst enhancer comprising a compound selected from the group consisting of 
oxalate or C1-C26 carboxylate salts of Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, and Ba, wherein 
the catalyst enhancer comprises an oxalate salt if the catalyst composition comprises 
XmTiYo; 

wherein X is selected from the group consisting of : H, Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, 
Ba, and ammonium; m=0, 1 or 2; Y is a ligand of the formula CaHbOc wherein a=l to 30, 
b=0 to 60, and c=l to 10; and o=2, 3, or 4. 

DetailftH Dfisrription of the Tnvftntinn 

[00012] Titanium-containing catalyst compositions incorporating either or both of 
two classes of catalyst enhancer have been found to provide remarkable catalytic 
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effectiveness for esterification and melt polycondensation reactions, such as those used in 
making polyesters. They show especially high performance in solid state polycondensation 
reactions for making polyesters. In one embodiment of the invention, the catalyst 
composition comprises both classes of catalyst enhancer. In the following description of 
catalyst compositions and the components thereof, it will be understood by the person of 
ordinary skill in the art that, although not explicitly shown, there may be varying degrees of 
water of hydration in any given component. For example, some of the titanyl compoimds 
and some of the metal salts are typically most readily available in hydrated form. Catalyst 
components either with or without water of hydration are suitable for use according to the 
invention. 

[00013] The catalyst compositions comprise either or both of two types of titanium 
compound: titanyl compounds and organic titanium salts. Titanyl compounds useful for 
making catalysts according to the present invention are of the formula XmTiOYo, where 
each X is independently selected from the group consistmg of H, Li, Na, K, Rb, Cs, Be, 
Mg, Ca, Sr, Ba and ammonium, and m=0, 1 or 2, Y is a ligand of the formula CaHbOc, 
wherein a, b, and c are integers from 1 to 30, 0 to 60, and 1 to 10, respectively, and o=2, 3, 
or 4. Typically, X = H, Li, Na, K, Ca, Cs or ammonium. Nonlimiting examples of Y 
include RO- and R-CO2-, where R is an alkyl, aryl, or aralkyl group, or an alkyl, aryl, or 
aralkyl group additionally comprising one or more hydroxyl, carboxyl, or ether moieties. Y 
may also be acetylacetonate or an analogous dionate. Particular suitable examples of Y 
include, for example, acetylacetonate; i-propoxide; butoxide; and 2,2,6,6-tetramethyl-3,5- 
heptanedionate. In one embodiment, Y is oxalate and o = 2. Suitable exemplary 
compounds where m = 0 include titanyl bis(2,2,6,6-tetramethyl-3,5-heptanedionate) and 
titanyl bis(acetylacetonate). For m = 1 , suitable compounds include calcium titanyl oxalate 
and magnesium titanyl oxalate, and for m = 2, potassium titanyl oxalate and sodium titanyl 
oxalate. Other exemplary suitable titanyl compounds include ones analogous to the 
foregoing list of titanyl oxalates, where one or both of the oxalates (and a metal associated 
with it) is replaced by one or more other Y groups as defined above. 
[00014] Organic titanium salts suitable for use according to the invention include 
compounds of the formula XmTi Yo wherein X, m, Y, and o are as defied above. Suitable 
exemplary values of Y are as listed above, and more particularly include acetylacetonate, i- 
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propoxide, and 2,2,6,6-tetramethyl-3,5-heptanedionate. When only XmTiYois used as the 
titanium-containing portion of the catalyst composition, it is particularly effective to 
include an oxalate compound in the enhancer, or combination of enhancers. 
[00015] Titanyl compounds and/or titanium salts as described above are typically 
employed in the catalyst compositions in amounts to provide between about 0.1 ppm and 
about 100 ppm, calculated by weight of titanium in the condensation product. More 
typically, between about 1 ppm and about 30 ppm is used, and most typically between 
about 5 ppm and 30 ppm. 

[00016] The first class of catalyst enhancers for use in combination with either a 
titanyl compound or an organic titanium salt comprises compounds selected from the group 
consisting of oxalate and C1-C26 carboxylate salts of Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, 
and Ba. Compoimds from the first class of catalyst enhancers are typically added in an 
amount such that the level of metal (by weight) in the condensation product is at least 0. 1 
ppm, typically at least 5 ppm, and more typically at least about 1 0 ppm. The level of metal 
is at most 200 ppm, typically at most 1 00 ppm, and more typically at most 40 ppm. In one 
embodiment of the invention, a catalyst enhancer of the first class comprises both an 
oxalate and a carboxylate salt. 

[00017] Suitable CI -C26 carboxylate salts of Li, Na, K, Rb, Cs, Be, Ca, Mg, Sr, and 
Ba are to be understood to include di- and tricarboxylic acid salts. Nonlimiting examples of 
suitable C1-C26 carboxylate salts include the sodium and potassium salts of the following 
acids: acetic, propionic, citric, butyric, formic, fimiaric, malonic, succinic, glutaric, adipic, 
maleic, and benzoic. Typically used salts according to the invention are potassium acetate 
and potassiimi benzoate. 

[00018] The second class of catalyst enhancers comprises compounds selected from 
the group consisting of soluble compounds of Al, Co, Zn, and Sn. As used herein, the term 
"soluble compound" as applied to a component of a catalyst composition means a 
compound that dissolves, with or without concurrent chemical reaction, into the reaction 
mixture that is being catalyzed. Suitable soluble compounds for use in making catalyst 
compositions according to the invention are detailed below. 

Suitable soluble zinc compounds include, as nonlimiting examples, zinc acetate, zinc 
carbonate, zinc chloride, zinc citrate, and zinc oxalate. 
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[00019] Suitable soluble aluminum compounds include, as nonlimiting examples, 
aluminum alcoholates; aluminum carboxylates such as aluminum lactate and aluminum 
acetate; basic aluminum acetate; inorganic aluminum salts such as aluminum chloride, 
aluminum hydroxide, aluminimi hydroxychloride, and combinations of these. 
[00020] Suitable soluble cobalt compounds include, as nonlimiting examples, cobalt 
carboxylates such as diacetate tetrahydrate. 

[00021] Suitable soluble tin compounds include, as nonlimiting examples, dibutyl tin 
oxide, dibutyl tin diacetate, monobutyl tin oxide, butyl tin chloride dihydroxide, monobutyl 
tin tris(ethylhexanoate), stannous oxalate, and stannous bis(2-ethylhexonate). 
[00022] Either the first or second class of enhancer defined above may further 
comprise a soluble antimony or soluble germanium compound, which may provide 
additional enhancement of catalyst effectiveness. Suitable soluble antimony compounds 
include, as nonlimiting examples, SbCb, Sb203, Sb(CH3COO)3, and Sb2(OCH2CH20)3. 
Suitable soluble germanium compounds include, as nonlimiting examples, Ge02, 
Ge(OC2H5)4, Ge(OCH(CH3)2)4, and Ge(OCH3)4. Preferred is Ge02. 
[00023] Zinc, alimiinum, cobalt, tin, antimony, and germanium compounds are 
typically employed in amounts between about 0.1 ppm and about 300 ppm, calculated by 
weight of the metal in the condensation product. More typically, between about 1 ppm and 
about 1 00 ppm is used, and most typically between about 5 ppm and 50 ppm. 
[00024] In one embodiment of the invention, the catalyst composition may also 
comprise a soluble phosphorus compound, in addition to the titanium compound and the 
catalyst enhancer, for purposes of enhancing stability, including thermal and color stability, 
of the product. When a phosphorus compound is used, it is preferred that the catalyst 
enhancer also comprise a soluble cobalt compound such as has been described above. 
Suitable soluble phosphorus compounds for use according to the invention include, as 
nonlimiting examples, phosphoric acid, phosphorous acid, phosphonic acids, phosphinic 
acids, and esters and mixtures of any of these. When a phosphorus compound is used, it is 
typically employed in amounts between about 0.1 ppm and about 300 ppm, calculated by 
weight as phosphorus in the condensation product. More typically, between about 1 ppm 
and about 100 ppm is used, and most typically between about 5 ppm and 50 ppm. 
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[00025] Catalyst compositions comprising at least one of the above-mentioned 
titanium compounds and catalyst enhancers may generate less diethylene glycol (DEG) in 
the product PET. Catalytic compositions according to the invention may also produce PET 
having a slow thermal crystallization rate, which may reduce haze and/or shorten cooling 
cycle time during molding. 

[00026] The components of the catalyst compositions of the present invention may be 
added to the ingredients for making polyester in any of a nimiber of sequences, or in many 
cases they can all be added simultaneously if desired. Typically, one or more of the 
components is first dissolved in a solvent that is compatible with polyester forming 
reactants, or preferable in one of the reactants itself, such as ethylene glycol. The catalyst 
component is then added to the other reactants, and the esterification and/or 
polycondensation reaction is performed according to methods and practices well known in 
the art. 

[00027] The synergistic performance of the catalyst enhancer in combination with 
one or more titaniimi compounds for polycondensation reactions for the production of PET 
resin is shown by the following examples. 

[00028] In the following examples, polycondensation rate is indicated by the rate at 
which intrinsic viscosity (IV) of the polymer increases during the reaction. The solution 
intrinsic viscosity (IV) was measured according to the method of ASTM D 4603. 

General F.vperimentfll Prorpdiirf^ 
[00029] Catalyst evaluation was performed with a 316 stainless steel, 2 L reactor, 
fitted with a ball valve at the bottom of the reactor. The vessel was equipped with 3 inlet 
ports, one outlet port, one thermowell port and one pressure transducer port, and was 
vertically stirred by an electric motor with amperage monitoring. The laboratory 
experimental procedures were all conducted using 4.0 mole of bis(2- 
hydroxyethyl)terephthalate (BHET) in a formulation such as would typically be used for 
making bottle grade PET in an autoclave reactor. The experimental catalysts were 
predissolved in ethylene glycol and added after the BHET melted. 
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[00030] BHET and catalyst were added to the reactor and the contents blanketed with 
nitrogen. The mixtures were heated under reduced pressure with constant stirring. The 
ethylene glycol (EG) produced during the polycondensation was trapped and removed. The 
polycondensation was performed at 280^C , under a pressure of typically around 1 torr. The 
reaction was terminated when the stirrer torque reached a level, indicated by amperage to 
the stirrer motor, typical for a polymer of IV -0.6. The molten state polymer under nitrogen 
(containing less than 2 ppm of oxygen) blanket was discharged from the bottom ball valve 
and quenched into a bucket filled with cold water. Pellets 1/4" in diameter and 1/16" in 
thickness (for color measurement) were made by filling a press molder with the molten 
polymer and chilling immediately in cold water. 

[00031] The examples shown in Table 1 show the effectiveness of using catalyst 
enhancers according to the invention in combination with potassium titanyl oxalate. In 
some cases the catalysts were fixrther augmented with antimony and phosphorus 
compounds. Meh polycondensation started with BHET as described previously. 
Additionally, in some of the examples, phosphoric acid and cobalt acetate were added 
before the titanium compovmd. Melt polycondensation was terminated with IV reached 
0.620 dL/g. Molten PET was discharged, quenched, and then pelletized. The samples were 
further sieved to achieve uniform particle size of about 1 1 9 pellets per gram for solid-state 
polycondensation. This is particularly important because the size of PET pellets has an 
effect on the diffusion of by-products such as water and ethylene glycol, and hence of the 
rate of solid state polycondensation, which is an equilibrium-driven process. PET pellets 
were placed into a metal mesh basket, and the basket was suspended in a resin kettle. A 
200 cc/min flow of nitrogen was introduced from the top of the basket. The pellets were 
dried at 120°C for 30 minutes, and the temperature was then slowly ramped to 210°C, and 
maintained there for 7 to 1 6 hours. The solid state polycondensation rate constant (k) was 
calculated according to Equation 2, shown below. 

[00032] Values of the solid state polycondensation rate constant k shown in the 
following tables were determined by applying Equations 1 and 2 below, as is known in the 
art. 

Equation 1 : k = (MW-MWo)/t'^ 
Equation 2: MW = (5882 IV)*^*^ 
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where k is the solid-state polycondensation rate constant, MW is average molecular 
weight at time t, MWo is initial molecular weight of a precursor, t is time in minutes of 
solid-state reaction at a given temperature, and IV is intrinsic viscosity (dL/g). 
[00033] The results from using five sets of catalysts, labeled Series 1 -5, are reported 
below in Table 1 . 
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[00034] For each catalyst composition, the headings under each component indicate 
parts per million of that material (as the element) in the product. The metals were provided 
by the following materials: potassium titanyl oxalate, potassium oxalate, antimony oxide, 
lithium oxalate, aluminum lactate, cobalt diacetate tetrahydrate, and magnesium acetate. 
Phosphorus was provided by phosphoric acid. 

[00035] Comparison of Series 1 examples 1-3 shows the benefit to polymerization 
rate of incorporating potassium oxalate and antimony in the titanium-containing catalyst. 
[00036] Comparison of Series 1 examples 4-6 shows the benefit to polymerization 
rate of incorporating cobalt in the titanium-containing catalyst. 
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[00037] Comparison of Series 1 examples 4 and 7 shows the benefit to 
polymerization rate of incorporating magnesium in the titanium-containing catalyst. 
[00038] Series 2 shows the benefit to polymerization rate of incorporating lithium in 
the titanium-containing catalyst. 

[00039] Series 3 shows the benefit to polymerization rate of incorporating potassium 
in the titanium-containing catalyst. In these examples, potassium levels in the range of 
about 10 to about 40 ppm, more specifically about 25 to about 35 ppm, worked especially 
well. 

[00040] Series 4 and 5, in light of the resuhs of Series 1 example 8, show the benefit 
to polymerization rate of incorporating aluminum and antimony, respectively, in the 
titanium-containing catalyst. 

[00041] Table 2, shown below, indicates the rate at which PET samples made with 
the indicated catalyst formulations degraded in an extruder at 300°C, as measured by loss of 
molecular weight as a fimction of time. The metals were provided by the following 
materials: potassiimi titanyl oxalate, potassium oxalate, and antimony oxide. 



Table?. 
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[00042] hi the expression [-d(log mv)/dt], mv indicates the voltage needed to 
maintain a set rpm on a melt viscometer in which the viscosity of each of the PET samples 
was measured, and t is the time at 300°C. The results indicate that the addition of 
potassium oxalate to the catalyst improved melt stability of the resulting PET. 
[00043] Table 3, shown below, shows the amount of diethylene glycol produced in 
polycondensations using catalysts according to the invention. The metals were provided by 
the following materials: potassium titanyl oxalate, potassium oxalate, and antimony oxide 
(except where noted). 
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[00044] The results of Table 3 show a noticeable reduction in the amount of 
diethylene glycol produced when potassium oxalate and antimony were combined with 
potassium titanyl oxalate, compared to the results obtained using only antimony as a 
catalyst. 

[00045] As the resuhs in Tables 1-3 indicate, the rates of 1) melt polycondensation 
and 2) solid state polycondensation to produce PET can be increased by the use of catalyst 
compositions according to the invention. Further, a reduction in the formation of certain 
undesirable side products such as diethylene glycol may be provided by use of such catalyst 
compositions, and PET having a lower rate of thermal degradation may also be prepared 
with these compositions. 

[00046] Although the preparation of polyesters by use of the catalysts of this 
invention have been exemplified in detail in the foregoing description of the invention, it is 
to be understood that catalysts according to the invention are useful for other esterification 
reactions, and the claims are to be construed with that understanding. More generally, 
although the invention is illustrated and described herein with reference to specific 
embodiments, the invention is not intended to be limited to the details shown. Rather, it is 
intended that the scope of the claims that follow includes various modifications that may be 
made in the details while nevertheless achieving the effects of this invention. 
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